Dogs were placed on total cardiopuhnonary bypass and the anterior descending branch of the left coronary artery was occluded for the duration of 15 min, 60 min or 90 min. In some experiments the coronary perfusion was restored after the occlusion. Fragments of sarcoplasmic reticulum were isolated from ischemic and nonischemic cardiac tissue and the Ca 2+ transport mechanism of the reticulum was studied. The Ca 2+ uptake of reticulum fragments obtained from cardiac tissue ischemic for 15 min was not impaired compared to the nonischemic control hearts. However, ischemia for 60 or 90 min caused impairment of Ca 2+ uptake by the sarcoplasmic reticulum isolated from the ischemic tissue. The functional damage brought by coronary occlusion for 60 min could be reversed by the restoration of coronary circulation after the occlusion, but after occlusion for 90 min it was irreversible.
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• The current concept of excitation-contraction coupling in muscle contraction gives to sarcoplasmic reticulum a unique role in the regulation of intracellular Ca 2+ concentration which is critical for muscle contraction and relaxation (1) (2) (3) (4) (5) (6) (7) (8) . Although this concept has been mainly applied to skeletal muscle, similar processes appear to be operative in cardiac muscle (7, 9, 10) . Sarcoplasmic reticulum regulates the intracellular Ca 2+ concentration by an active transport mechanism which requires energy. For this reason, it is of interest to investigate the influence of metabolic impairment of cardiac muscle on the Ca 2 + uptake mechanism of sarcoplasmic reticulum. Therefore, we studied the Ca 2+ uptake of This work was supported by grants from the United States Public Health Service and the American Heart Association.
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Accepted for publication August 1, 1967. sarcoplasmic reticulum obtained from dog cardiac tissue made ischemic by occlusion of the anterior descending branch of the left coronary artery.
Method
Twenty healthy mongrel dogs weighing 26 to 32 kg were anesthetized witii thiopental sodium (234%) iv and were placed on total cardiopulmonary bypass according to the procedure described by Gourin et al. (11) . Myocardial contractility of the left ventriele was measured in the isovolumic preparation in terms of left ventricular pressure (LVP) development and of the rate of rise of LVP (dP/dT). Blood pH, Pco-., and POj were determined at intervals during the experiments. Metabolic acidosis as demonstrated by a base deficit was corrected at intervals by the addition of sodium bicarbonate to the perfusate. Body temperature was maintained at 37°C. In one group of experiments the anterior descending branch of the left coronary artery was occluded totally during a specified period; samples of myocardium then were taken from ischemic and nonischemic areas of the same left ventricle. In a second group of experiments the occluded artery was released after a specified period and circulation to the area which had been is- chemic was restored for a stated interval; samples of left ventricular myocardium then were taken from the area which had been subjected to ischemia and from an area which had been perfused without interruption throughout the experiment. All myocardial samples were immediately placed in crushed ice.
Fragments of sarcoplasmic reticulum were prepared according to the method of Lee and Choi (10) . Their Ca 2 + uptake was assayed using the 4l5 Ca and Millipore method of Lee (7) .
Results

EFFECT OF CORONARY ARTERY OCCLUSION FOR 15 MIN
As was shown previously (7, 9, 10) , fragments of cardiac sarcoplasmic reticulum take up Ca-+ very actively in the presence of Mg-ATP, an ATP generating system (creatine phosphate + phosphokinase) and a potentiating agent (inorganic phosphate). Thus when fragments obtained from a nonischemic area are incubated in the medium as indicated in Figure 1 , more than 85$ of Ca 2 + in the medium is taken up by cardiac sarcoplasmic reticulum in 2 min. Sarcoplasmic reticulum fragments isolated from myocardium where perfusion was interrupted for 15 min took up Ca 2+ as actively as control fragments obtained from a continually perfused area of the same ventricle.
EFFECT OF CORONARY ARTERY OCCLUSION FOR 60 MIN AND 90 MIN
Fragments prepared from heart tissue in which the coronary circulation was interrupted for 60 min took up Ca 2+ at a slower rate than the control fragments when both were in the incubation medium described in the legend to Figure 1 . However, when the incubation period was prolonged to 10 min, these ischemic fragments took up the same total amount of Ca 2+ as did control fragments at 2 min.
To investigate the influence of ischemia on the release of Ca 2 + , a suspension of fragments of sarcoplasmic reticulum was plunged into ice after they had taken up the maximal amount of Ca 2 + . As shown in Figure 2 , rapid cooling in ice released Ca 2+ from control and the ischemic fragments at approximately the same rate.
In the incubation medium, 10 mM inorganic phosphate was used to potentiate Ca 2 + uptake. Since oxalate is known to potentiate the Ca 2+ uptake more than inorganic phosphate (7, 12, 13) , experiments were performed employing oxalate to see whether the Ca 2+ uptake was also slower in the presence of a stronger potentiating agent. Figure 2 shows that when oxalate was present, the ischemic sarcoplasmic reticulum fragments took up Ca 2+ at a rate which is not significantly different from that of the control.
When a sample was obtained from the area in which blood flow had been interrupted for 90 min, the rate of Ca 2+ uptake was much less for ischemic tissue than for control in the presence of either inorganic phosphate or oxalate (Fig. 3) . Thus the cessation of blood flow for 90 min results in a marked decrease in Ca 2+ uptake of sarcoplasmic reticulum fragments obtained from the ischemic myocardium which cannot be restored to control level by addition of a strong potentiating agent such as oxalate. 
Effect of ischemia for 90 min followed by perfusion for 30 min. Incubation media is the same as described in the legend to Figure 2. After ischemia and restoration of circulation, the fragments did not regain the ability to take up Ca'
+ at the same rate as before. ures 4 and 5. When the coronary circulation was restored for 30 min after constriction for 60 min, fragments obtained from the ischemic area regained their ability to take up Ca 2+ at the same rate as that of the control fragments. This is shown in Figure 4 . However, after constriction for 90 min, restoration of the circulation for 30 min did not restore the ability of the ischemic fragments to take up Ca 2+ to that of control (Fig. 5) , even when a strong potentiating agent for Ca 2+ uptake, namely, oxalate, was added.
Discussion
Numerous studies are available concerning the effect of ischemia on the metabolism of cardiac muscle. Most have been concerned with the alteration of an energy-producing metabolic system. Thus the arrest of coronary circulation was shown to result in the functional alteration of mitochondria (14), a decrease in various sources of energy such as glycogen, phosphate creatine, ATP (15, 16) , and a decrease in metabolic enzymatic activities (17) . These metabolic effects of ischemia can be detected as early as 15 min of ligation of coronary arteries (17) . It should be mentioned that occlusion of trachea in intact dog results in a marked decrease in the level of phosphate creatine in cardiac tissue within a few minutes (18) . In contrast to this rapid alteration in the energy metabolism by ischemia or asphyxia, the contractile proteins appear to be fairly resistant; Kakko and Bing showed that even 6 hr after death it was possible to obtain satisfactory contraction in bands of actomyosin prepared from human hearts (19) . Since coronary occlusion induces a rapid change of energy metabolism on one hand and a rather slow alteration of contractile proteins on the other, it is of interest to observe the effect of ischemia on the contraction-coupling components of heart muscle.
The sarcoplasmic reticulum has a potent Ca 2+ pump mechanism and most of intracellular Ca 2+ is stored in this system (1-7). According to the current concept of excitation and contraction coupling, excitation of the muscle membrane releases Ca 2+ from the sarcoplasmic reticulum which results in the contraction of actomyosin (8) .
From the data presented here, it appears that Ca 2+ uptake of the sarcoplasmic reticu-
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lum of ischemic cardiac muscle is not impaired following brief interruption (15 min) of coronary blood flow; however, cessation for 60 min or more alters the sarcoplasmic reticulum so that they take up less Ca 2+ from the medium as tested in an in vitro system. This finding is interesting in view of morphological changes of sarcoplasmic reticulum induced by ischemia. Electron microscopic studies by Bryant et al. on the ischemic cardiac muscle of rat showed that 1 hr after ligation of coronary arteries the enlargement of the vesicles made the sarcoplasmic reticulum prominent (14) . Some mitochondria were relatively unaffected but many were moderately enlarged. Since the earliest sample was obtained 1 hr after the ligation, it was difficult to ascertain how soon these morphological changes were induced. After 2 hr of ischemia, the swelling and vesiculation of the sarcoplasmic reticulum had progressed and mitochondria were uniformly enlarged. Thus the sarcoplasmic reticulum and mitochondria were the cellular components of heart muscle that showed the earliest morphological alteration following the ischemia. Our findings that there was impairment of the best known function of the sarcoplasmic reticulum, namely the Ca 2+ uptake mechanism, following ischemia is well correlated with the findings of Bryant et al. (14) .
At present, it is not known how ischemia brings about this functional disturbance of the sarcoplasmic reticulum. However, since the Ca 2+ uptake processes undoubtedly involve many enzymes and cofactors located in the membrane structure, the interruption of energy production by ischemia would be expected to bring about the derangement of the orderly enzymatic organization which requires energy expenditure. Ischemia may also induce the loss of components necessary for orderly, normal function of the Ca 2+ pump mechanism of sarcoplasmic reticulum.
The functional damage caused by ischemia of 60 min duration could be reversed by the restoration of perfusion; that of 90 min could not be. Ischemia results in a decrease in the oxidative capacity of the affected cardiac tisVol. JCXI, Qctottr 1?67 sue as early as 15 min after the ligation of coronary arteries (17) . This loss of capacity of aerobic metabolism appears to be a reversible process when the interruption of circulation does not exceed a certain duration. Thus, Michal et al. reported that oxygen usage of arrested heart remains at constant level as long as the duration of interruption in the coronary circulation did not exceed 2 hr (16) . And yet Gollan and Nelson reported that reversible cardiac arrest, in terms of leaving no fibrillation and failure after the interruption of circulation, can not be continued beyond 1 hr even at hypothermia (25°C) (20) . Since metabolic impairment is reversible even up to 2 hr after cardiac arrest (16) and the contractile proteins are resistant to ischemia of longer duration (19) , the irreversible damage manifested by the fibrillation and contractile failure after 1 hr cardiac arrest as observed by Gollan and Nelson (20) is probably not due to the irreversible impairment of energy production or contractile proteins. It may be that the irreversible damage of Ca 2+ uptake function of the sarcoplasmic reticulum observed in this study after ischemia of 90 min may have some bearing on the fibrillation and contractile failure observed by Gollan and Nelson (20) . The decrease in Ca 2+ uptake function of the sarcoplasmic reticulum would result initially in an increase in intracellular Ca 2+ concentration and this may be manifested by hyperirritability. If subsequent loss of this intracellular Ca 2+ from the cardiac cell occurs due to the diminished ability of the reticulum to take up Ca 2+ then the amount of Ca 2+ available for release from the sarcoplasmic reticulum following the excitation process would be diminished resulting in the impairment of the contractile force. However, at present there is no evidence for or against this possibility.
At present, it is difficult to ascertain the significance of the present findings concerning the effect of ischemia on the sarcoplasmic reticulum in relation to the time limit allowed to interrupt the coronary circulation during cardiac surgery. However, when there is no perfusion of the coronary arteries during cardiac surgery, our observation that ischemia of 90 min duration results in irreversible functional damage of the sarcoplasmic reticulum may be given some consideration since this structure is important in the process of coupling excitation to contraction.
